Background: Our study aimed to determine the burden of illness in dystrophinopathy type Duchenne (DMD) and Becker (BMD), both leading to progressive disability, reduced working capacity and high health care utilization. Methods: A micro-costing method was used to examine the direct, indirect and informal care costs measuring the economic burden of DMD in comparison to BMD on patients, relatives, payers and society in Germany and to determine the health care burden of these diseases. Standardized questionnaires were developed based on predefined structured interview guidelines to obtain data directly from patients and caregivers using the German dystrophinopathy patient registry. The health-related quality of life (HRQOL) was analyzed using PedsQL™ Measurement Model. Results: In total, 363 patients with genetically confirmed dystrophinopathies were enrolled. Estimated annual disease burden including direct medical/non-medical, indirect and informal care costs of DMD added up to € 78,913 while total costs in BMD were € 39,060. Informal care costs, indirect costs caused by loss of productivity and absenteeism of patients and caregivers as well as medical costs of rehabilitation services and medical aids were identified as the most important cost drivers. Total costs notably increased with disease progression and were consistent with the clinical severity; however, patients' HRQOL declined with disease progression. Conclusion: In conclusion, early assessments of economic aspects and the disease burden are essential to gain extensive knowledge of a distinct disease and above all play an important role in funding drug development programs for rare diseases. Therefore, our results may help to accelerate payer negotiations such as the pricing and reimbursement of new therapies, and will hopefully contribute to facilitating the efficient translation of innovations from clinical research over marketing authorization to patient access to a causative treatment.
Background
Duchenne muscular dystrophy (DMD) is a hereditary X-linked neuromuscular disorder due to mutations in the dystrophin gene with a worldwide incidence of approximately 1:5,000 male newborns [1, 2] leading to progressive muscle atrophy and weakness. First symptoms are usually noted between the age of three to five, while loss of ambulation occurs around age 12, along with scoliosis, contractures, respiratory and cardiac impairment which require early ventilatory support and drug treatment. Life expectancy is reduced to 30-40 years of age although multidisciplinary symptomatic and surgical treatment has considerably improved survival within the last two decades [3] [4] [5] .
Becker muscular dystrophy (BMD) represents a milder allelic form of dystrophinopathy, with a broader variability of clinical symptoms, a later onset, milder impairment and slower progression with an estimated incidence of 1:20,000 [6, 7] . However, only symptomatic treatment is available for slowing down disease progression in both forms of the disease. Therefore, Duchenne and Becker muscular dystrophy inevitably result in reduced working capacity and costly health care utilization for patients and caregivers. Until now, the burden of DMD and BMD regarding patients, family caregivers, health care systems and society has scarcely been investigated [8] . Our study aimed to assess the cost of illness (COI) and healthrelated quality of life (HRQOL) of both DMD and BMD patients in Germany, to forecast and model the burden of illness from a health economic and clinical perspective.
Methods
We performed a cross-sectional study approaching all male patients with a confirmed genetic diagnosis of DMD or BMD (n = 733) via the German dystrophinopathy patient registry (www.dmd-register.de) and/or their caring relatives (hereafter referred to as "parents"), respectively, to evaluate the burden of dystrophinopathy. The dystrophinopathy patient registry was established within the network of excellence TREAT-NMD (www. treat-nmd.eu) in 2008 as described elsewhere [9] . Standardized questionnaires adapted to either DMD or BMD were developed in close cooperation with clinicians, economists and representatives of German patient organizations, consisting of several sections addressing patients' and parents' socio-demographic data, health status, use of resources over a specific time period and the current or previous employment of patients and parents. The PedsQL™ Measurement Model, module for neuromuscular disorders, German version 3.0, was applied to analyze the quality of life. Following a pretesting phase with personal interviews with patients and caregivers, the survey started in June 2013 and was closed in December 2013. Questionnaires were sent out to patients and parents either by mail or online and were answered either by adolescent/adult patients aged 16 and older or by their parents (in the case of younger patients or patients dependent on part-or fulltime care). Based on the subjective evaluation of patients/parents, DMD and BMD patients were classified into disease severity stages mirroring disease progression and motor function (Table 1) . Thereby the differences between DMD and BMD, and within their disease progression could be analyzed. Ethical approval was obtained from the ethics board of the Ludwig-Maximilians-University of Munich; and patients/legal guardians and parents gave their written consent to participate in the study.
A micro-costing method was used to retrospectively examine the direct, indirect and informal care costs from a societal perspective. To evaluate the direct COI -including e.g. costs of hospitalization, drug treatment, rehabilitation services such as physiotherapy and occupational therapythe use of resources was identified and monetarily assessed using the official German price lists of 2013 [10, 11] . Incurred costs of health care services were extrapolated to one year, assuming constant use of resources. Cost drivers as constructional adaptions of the environment as well as advocate support were estimated as cumulative per-patient mean costs that incurred up to the date the questionnaire was completed. In addition the costs of medical aids and respiratory management were estimated as stage-specific mean costs. By extrapolating the mean duration of DMD and BMD stages within our patient cohort based on age at diagnosis and age and disease stage at the time of the study participation, the annual costs were estimated for these cost categories, respectively. For assessing costs of informal care, only the care effort of non-working parents was calculated in hours per day preventing an overestimation of indirect and informal care costs by double counting working parents' care time and their loss of productivity. We developed a formula to calculate the economic loss of productivity caused by absenteeism, invalidity or changes in the work situation of patients and parents by analyzing patients and parents indirect COI (see Additional file 1). Compared to the human capital approach, the developed formula delivers a more precise description of the real-life situation by taking factors such as short-time absenteeism or the actual wage levels into account [12] . Differences in costs and HRQOL between DMD and BMD were analyzed using the Mann-Whitney-U-test within the SPSS® software package; results are presented in Euro for 2013.
Results
Patient cohort characterization 363 patient/parent pairs were included in the analysis (response rate 50%: 363/733; DMD 43% = 248/571, BMD 
II
Late ambulatory with high impairment: Walking becomes increasingly difficult, more problems climbing stairs and getting up from the floor, part-time wheelchair use.
III
Early non-ambulatory: Loss of ambulation, active manual wheelchair use possible, independent standing and sitting still possible for some time.
IV
Late non-ambulatory: Independent electric wheelchair use but decline of upper limb function and ability to sit independently.
V Non-ambulatory with confinement to bed: Loss of independent mobility, hand function preserved on a low level.
According to self-evaluated clinical symptoms and motor function DMD and BMD patients were divided into corresponding subgroups to reveal potential correlations between these functional stages and the burden of illness. Modification after Bushby K et al., The Lancet Neurology, 2010 [3] . 71% = 115/162). Most DMD respondents represented clinical severity stages IV, II and I in contrast to the majority of BMD patients who were in stages II and I (none was in stage V). The age of the DMD patients ranged from 1 to 42 years (median 11y), while BMD patients were between 2.5 and 62 years old (median 26.5y); however, median age increased with clinical severity (except for BMD stage III; Table 2 ). The assessment of the family status of the patients revealed that most DMD patients (96%) were unmarried whereas in the BMD population nearly 50% were married or in a partnership. The percentage of DMD and BMD parents who were married/in a partnership were 87% and 74%, respectively (Table 3 ). Health costs were covered by a statutory health insurance in the majority of patients (DMD 91%; BMD 87%), only 9%/13% of DMD/BMD patients had private health insurance (data not shown), which is in line with the ratio within the German population [13] . The German health care system provides long-term nursing care insurance with three different levels of financial support, depending on the patients' impairment and their need of nursing services [14] . Within the analyzed DMD cohort, 30% of patients were not yet classified into care levels. In contrast, 17% of patients were classified into care level 1 (median age 8y), 23% into care level 2 (median age 13y) and 31% into the most severe care level 3 (median age 20y). Within the BMD population, 76% of patients did not qualify for any of the care levels, 14% were in care level 1 (median age 35.5y) and 4%/5% were classified into care levels 2 and 3 (median age 41/50y; data not shown).
Estimation of direct medical cost of illness
The consumption of direct medical resources was notably higher in DMD than in BMD patients. The most striking differences were seen regarding the demand of rehabilitation services (e.g. physiotherapy, occupational therapy and logopedics), drug treatment, use of medical aids and inand outpatient medical consultations. Additionally, DMD patients required health care resources much earlier than BMD patients; e.g. DMD patients needed in-patient treatments within a median average age of 14 years, while BMD patients were already 40 years of age. Moreover, osteoporosis was more frequently seen in DMD than in BMD, occurring earlier in DMD and requiring medical treatment (12% of DMD patients, median age 20 y, 39% with drug treatment; vs. 3% of BMD patients, median age 44y, none with drug treatment; data not shown). More than three quarters of DMD (84.9%) and more than half of BMD patients (59.6%) stated that they need medical aids. Within the investigated patient cohort, DMD boys became full-time wheelchair bound at a median age of 15 years compared to BMD at a median age of 40 years. In contrast, an assessment of the ongoing need for respiratory management showed that 3% of DMD (each 50% in stages IV and V; aged 2 to 25 y, median 21y) and 2.7% of BMD patients (67%/33% in stage II/IV; aged 7 to 59 y, median 40 y) used an invasive or non-invasive ventilatory device. Overall, DMD patients exhibited a more severe morbidity along with a higher need for direct medical care ( Figure 1 ).
Based on these differences, the mean direct annual COI of DMD was estimated at € 19,346 and thus 3.8 times higher compared to € 5,140 in BMD (Tables 4 and 5 ). Main direct medical cost drivers were especially costs of medical aids in DMD (13% of total COI), costs of rehabilitation services (DMD/BMD 6% of total COI) and costs of inpatient medical treatment in BMD (3% of total COI). A detailed comparison of direct medical costs between DMD and BMD revealed different patterns of evolving costs through the disease stages, especially a decline of outpatient medical costs and costs of rehabilitation programs from the time-point at which the patients lost their ability to walk, while inpatient medical costs, drug treatment costs, costs of medical aids and respiratory therapy jumped up with disease progression. DMD costs of respiratory management increased to € 2,771 in stage V (mean: € 875), compared to € 234 in BMD stage IV (mean € 83). The costs of medical aids for DMD patients (€ 10,209) were significantly higher compared to BMD (€ 742) and spurted upwards with disease severity (€ 51,019 in stage V), whereas BMD mean costs of medical aids peaked out in stage III on a considerably lower level (€ 3,611). Major cost drivers were aids supporting mobility such as wheelchairs, representing not only the most frequently used aids but also the most expensive devices (as well as other home care tools).
Estimation of direct non-medical cost of illness
In contrast to direct medical costs, total direct costs additionally take non-medical cost factors into account. Both, direct medical and non-medical COI, increased with disease severity with a leap between DMD stage IV and V and BMD stage III and IV. Considerably lower costs of BMD compared to DMD patients were mainly seen in stages I to III. Regarding direct non-medical costs, main cost drivers -apart from informal care costs -were the costs for the housing situation, e.g. caused by a mobile nursing service. These costs were twice as high in DMD as compared to BMD; however, there was a notable escalation with disease progression, resulting in higher mean costs of BMD patients in stage IV compared to DMD patients in stage V. The second important cost driver of non-medical direct costs were expenses due to the progressing physical impairment, e.g. constructional adaptions of the house (DMD 4%; BMD 2% of total COI) and the car (DMD: 1%; BMD 2% of total COI). House adaption costs of both DMD and BMD peaked in the second last stage (DMD € 8,499; BMD € 4,369). Additionally expenses for car adaptions peaked in stage III in DMD and BMD; however, BMD costs were nearly three times as high compared to DMD (DMD € 2,609; BMD € 7,626). Moreover, informal care costs turned out to be the most important cost driver of direct resource consumption, mainly in severe dystrophinopathies, and also had a notable influence on total health care burden. Informal care provided by family members and friends was assessed as "non-working caregivers' time providing medical services", thus representing a loss of leisure time. These costs were counted as the real costs of care by weighing the amount of care with the usual payment of formal care; thereby, informal care costs were attributed to the direct costs [12] . Within the analyzed patient cohort, 89% of DMD and 47% of BMD patients received part-or fulltime care by another person. Parents provided the major part of total care time in DMD (mean 93%). In contrast, in BMD care time was split among parents (51%) and the patients' partners (41%). Furthermore, siblings assisted in 4%/5% (DMD/BMD) and other relatives in 3%/11% (DMD/BMD) of total care time. Thus, 91% of DMD patients lived together with their parents/families compared to 65% of BMD patients. DMD relatives' total care efforts in hours per day were higher than those of BMD relatives (mean h/d DMD 9.4, SD: 10.9; mean h/d BMD 2.7, SD: 6.5) with a notable increase in more severe clinical stages. Besides the mere care time, patients needed further The mean annual costs of informal care and organizational activities were nearly three times higher in DMD than in BMD (DMD € 21,279; BMD € 7,636; Tables 4  and 5 ). Costs of care for DMD patients increased with the severity of the clinical phenotype, whereas costs in BMD decreased from stage I to III and peaked in stage IV. When adding care efforts of working parents on top, total informal care costs were estimated even higher (€ 33,402/year in DMD, € 9,224/year in BMD).
Total mean annual non-medical direct costs added up to € 30,884 in DMD and to € 12,471 in BMD. Adding total medical and non-medical costs, total direct mean annual COI of DMD was estimated at € 50,230 and significantly higher than in BMD (€ 17,611; p < 0.001; Tables 4 and 5 ). In summary, our results show clear-cut differences between the consumption of resources of direct medical and non-medical services and emerging costs not only between DMD and BMD patients, but also between the different stages within both diseases, showing higher costs along with disease progression.
Estimation of indirect costs caused by patients and parents
The indirect costs in DMD and BMD primarily originate from the loss of working capacity due to the disease, and result in lost working time and overall loss of productivity. Our study differentiated between the lost working time of the patient (see section a) and of his parents (or caregivers) who often had to quit or reduce their employment due to their son's disease (see section b).
a) Estimation of indirect costs caused by patients
Within the BMD cohort, the number of patients with access to higher education, mainly university studies and completed professional education, was considerably higher when compared to DMD. The percentage of non-workers was higher in DMD than in BMD (49% vs. 32%) whereas the percentage of patients who had quit their employment in the past was the same in DMD and BMD (12%). Actively working DMD patients (employed or self-employed) were between 18 and 42 years old, whereas working BMD patients ranged from 19 and 59 years of age. DMD patients stopped working or reduced working hours only when they reached more severe clinical stages (50% in stage IV), while 63% of BMD patients already had a cut-off in stage II. DMD and BMD patients reduced working time by mean 16.6 hours/week. The majority of patients (BMD 69%; DMD 82%) felt handicapped in their career, leading to lower income due to physical impairment as stated by 8% of DMD and 35% of BMD patients (data not shown). Overall, DMD patients' salaries were notably lower than those Table 3 ). Based on this data, total annual indirect COI of DMD was estimated at € 21,463 vs. € 18,922 in BMD; in both conditions, the total annual indirect COI was highest in the last stage of the disease (BMD stage IV, DMD stage V) with a brief decline in stage III (Tables 4 and 5 ).
b) Estimation of indirect costs caused by parents
Nearly two third of the DMD parents were employed or self-employed (BMD 78%). 29% quit their employment to be able to care for their son. 38% of actively working parents reduced their working hours by mean 15 hours/ week. In contrast, only 4% of BMD parents quit their job and 12% of actively working parents reduced working time by mean 10 hours/week. DMD parents quit or reduced their employment mainly when their sons reached stage II; most BMD patients were in stage II/IV when their parents stopped working. Moreover, in our study population, parents missed a mean of 14.5 working days per year due to their son's disease. This is in line with the finding that many parents feel limited in pursuing their career (DMD: 60%; BMD: 17%) and stated to earn less due to their son's disease (DMD 49% vs. BMD 29%; data not shown). Parents' gross salaries in 2013 were similar in both diseases (DMD: € 24,168; BMD: € 27,414) and decreased during the progression of the disease (Table 3 ). Parents' indirect COI due to absenteeism and reduction of working time was estimated at € 7,220 for DMD vs. € 2,527 for BMD in 2013 (p < 0.01; Tables 4 and 5 ).
In addition to a loss of working capacity in DMD and BMD parents, more than half of the DMD parents and 23% of the BMD parents themselves developed medical problems due to the burden of their son's disease, leading to further consumption of medical treatment due to parents' physical or mental problems ( Figure 2 ). Overall, physical and mental problems of parents and caregivers increased with the severity of their son's impairment. Parents' own health status not only had an important impact on their ability to care for their son, but also on their working capacity and hence resulting indirect costs. Figure 2 Subjectively care-related medical problems of parents. More than half of the DMD parents and nearly one quarter of the BMD parents stated to have developed own medical problems related to their son's disease, leading to consumption of medical treatment and participation in rehabilitation programs (percentage rounded).
Assessment of health-related quality of life
The patients were encouraged to complete the questionnaire by themselves; alternatively, their parents assessed the HRQOL questionnaire. HRQOL results in BMD were better than in DMD (p < 0.001) without relevant differences between the evaluation by patients or parents (p > 0.05). However, DMD patients assessed their HRQOL worse than their parents did (p < 0.05; Figure 3 ), especially those patients in less advanced clinical severity stages. In general, HRQOL decreased with disease progression with the most prominent loss between stage II and III in DMD and a small increase between stage II and III in BMD. Additionally, patients' and parents' contentment with their care/their son's care was analyzed. The majority of patients were satisfied/very satisfied with their standard of care (DMD 77%; BMD 73%). Parents' evaluation of contentment with their son's medical care was similar (DMD 79%; BMD 82%) whereas only 0.5% (DMD) and 3% (BMD) parents claimed to be very unsatisfied (data not shown).
Estimation of total disease burden
Regarding all analyzed influencing factors of direct and indirect costs from different perspectives of patients, caregivers and families, considerably higher mean costs were identified for DMD (p < 0.001). Thus, direct COI of DMD (€ 50,230) was nearly three times higher than in BMD (€ 17,611) showing the highest COI in the most severe clinical stage (Tables 4 and 5 ). Indirect costs were approximately 1.3 times higher for DMD (€ 28,683) when compared to BMD (€ 21,449). In total, the mean economic burden of DMD per year was estimated at € 78,913 versus € 39,060 in BMD. Total health care burden was significantly higher in DMD than in BMD (p < 0.001). Recently, the worldwide prevalence of DMD was described as 4.78:100,000 males in DMD, and 1.53:100,000 males in BMD [15] . Recent calculations of the German population [16] estimated that about 1,900 DMD patients and 600 BMD patients may live in Germany. Altogether, this implicates the annual disease burden of DMD to be € 150 Figure 3 Health-related quality of life of dystrophinopathy patients (self-or parent-reported). In general, HRQOL of BMD patients was estimated better than that of DMD patients whereas HRQOL declined with disease progression, both in DMD and BMD. HRQOL assessment was performed using PedsQL™ Measurement Model, module for neuromuscular disorders, German version 3.0. Higher scores indicate better HRQOL. million which is more than six times higher than the BMD health care burden with an estimated € 23 million.
Discussion
Our study provides the first German analysis of the DMD health care burden which not only assesses the impact of disease severity and progression on disease burden but also compares the economic burden to the clinically milder allelic BMD disease phenotype. To date, we assessed the largest German patient cohort suffering from DMD and BMD, analyzing different cost driving factors from diverse perspectives. All enrolled patients had a genetically confirmed diagnosis of DMD or BMD resulting in a homogenous patient cohort. Total estimated disease burden was significantly higher for DMD (€ 78,913) when compared to BMD (€ 39,060; p < 0.001). The total COI showed a clear increase with disease severity as similarly reported for different neuromuscular disorders before [17, 18] . The nation-wide annual total DMD burden of illness in Germany was 6.5 times higher than the estimated BMD burden (€ 150 vs. 23 million).
An estimation of annual per-patient direct COI showed nearly four times higher costs of DMD than of BMD, resulting from a higher demand of direct medical care, nursing services and non-medical resources. Major identified cost drivers of direct costs were informal care costs (DMD 27%/BMD 20% of COI), costs of medical aids (DMD 13%/BMD 2% of COI) and costs of rehabilitation services (DMD/BMD 6% of COI) along with costs for the housing situation (DMD 5%/BMD 6% of COI). These results correspond with a recent study on facio-scapulo-humeral muscular dystrophy (FSHD) emphasizing the high impact of mobility impairment, activity limitation and impairment of social roles on disease burden [19] . Thus, devices that help to maintain these abilities and allow for continued social participation play an important role, and might even outbalance the importance of direct medical treatment as shown by our cost estimate. Interestingly, non-medical costs such as travel expenses (e.g. due to medical consultations and treatment) and costs for personal assistance in DMD were higher than the mean medical costs of drug treatment or outpatient medical consultations. Comparing our study results to a recently published international cross-sectional study on DMD disease burden [8] , we estimated higher direct costs (€ 50,230 vs. US $42,360) probably resulting from a different methodology of cost estimation. There are several discrepancies comparing our results to those of previous studies, since different national health care systems or different types of muscular dystrophies with inhomogeneous patient cohorts were analyzed [20, 21] , which do not allow a close comparison.
Informal care costs were identified as a main cost driving factor of disease burden in both DMD and BMD, with increasing expenses along with disease progression (mean informal COI € 21,279 vs. 7,636). In DMD, we found a small cost reduction from stage I to II, most likely because the very young DMD patients in stage I (median age 4y) as toddlers require full attendance of a caregiver despite a mild clinical phenotype. The high standard deviations for care time display the wide range of responses (0.5 -24 hours per day) and possibly hint at the patients' and parents' difficulties to estimate care efforts. However, 66% of caring parents were working and therefore our results may underestimate the actual amount of informal care costs, since working parents have been excluded from our calculation to prevent the double counting of indirect and informal care costs. If the care efforts of working parents would have been incorporated, the informal care costs would have been much higher. This highlights the enormous loss of working capacity and productivity due to informal care required for dystrophinopathies, and in particular for DMD. Recently published data confirmed these findings by showing that indirect costs of neuromuscular diseases -calculated as a loss of family income -are directly influenced by the level of informal care needed by the patients [21] . In contrast, another recent analysis showed multiple times higher indirect costs compared to ours by using the human capital approach [8] , whereas we calculated indirect costs with the actual wage of patients and parents. Therefore, our results might be more precise and lower.
However, we did not only assess the reduced productivity, but additionally analyzed parents' medical problems obtaining further information on the duration and cause of absenteeism from work. Parental medical problems based on their son's disease and related care were twice as frequent in DMD than in BMD. Orthopedic and psychiatric disorders were quite frequent with a higher ratio of psychiatric disorders in BMD parents than in DMD parents. In contrast, more than half of the DMD parents complained of sleep disorders compared to 31% of the BMD parents, which may hint at still unrecognized psychiatric diseases in DMD parents. Nevertheless the age-matched prevalence of these medical problems within the general population still has to be analyzed before we can assume a causal relation between the parents' medical problems and their son's disease burden. However, the parents' own medical problems increased along with the disease progression of their son, which is in line with the correlation between patients' disease burden and the general disease severity.
Furthermore, we analyzed indirect costs due to patients' own loss of productivity -an enormous cost factor which has not been previously analyzed for DMD and BMD patients -which was three times higher than indirect costs caused by parents and caregivers in DMD patients, and even 7.5 times higher in BMD. Thus, our results show the high relevance of indirect costs: in DMD, indirect costs caused 36% of total burden of illness, in BMD, the percentage was even higher (55% of total COI) due to the higher education and employment rate reflecting a slower disease progression and resulting in a higher gross salary per year compared to DMD patients. We assumed that working life starts at age 20 years and calculated a potential salary for each non-working DMD and BMD patient over 20 years. Due to the low median age of DMD patients (11 y), 86% of DMD patients did not cause any indirect costs. On the contrary, indirect costs caused by parents were notably higher for DMD than for BMD because of the reduced autonomy of DMD patients. Real-life parents' indirect costs may be even higher than we estimated since only the productivity loss of one caregiver was taken into account. Differences between patients' and parents' indirect costs can be explained by our methodology. To prevent an overestimation of parents' loss of productivity due to quitting work, we only included parents who stopped working in 2013 whereas for patients all lost working days even before 2013 were included, assuming that their employment status was directly illness-related. Compared to the general German population, mean gross salaries of BMD/DMD patients and parents were lower (mean of total German population € 41.388 in 2013; [22] ) and the percentage of non-working patients and parents was notably higher (mean of total German population 5.2%; [23] ), illustrating the limitations in working life of both DMD and BMD patients and parents.
A possible underestimation of the burden of illness by using minimum prices may be a weakness of our study, since it is not possible to identify the exact incurred costs without using data from health insurances. Additionally, patients and parents were asked to complete questions concerning the consumption of resources for a defined period in the past, whereas recall bias may have led to errors. Another limitation of our study may be a possible selection bias by patient recruitment with help of the German DMD/BMD patient registry, since patients and families voluntarily participating in the DMD patient registry may represent the more compliant and motivated patient cohort in general. The main aim of the DMD patient registry is to facilitate the planning of clinical trials and to enhance patient recruitment into these trials; therefore, older patients in more severe clinical stages may be underrepresented since they do not represent the target group usually participating in clinical trials, which may also lead to cost underestimation. Finally, since BMD displays a more variable clinical course and a milder phenotype than DMD, patients may face difficulties in specifying their clinical severity stage which may result in a lower mean age in stage III compared to stage II.
Regarding patients' self-rated HRQOL, we identified a decrease of quality of live with increasing clinical severity. Surprisingly, DMD patients assessed their own HRQOL worse than their parents did. Recently, differences in self-and parent-reported HRQOL in DMD were described mainly in non-observable dimensions like worries/evaluation of familial problems and communication [24] . In contrast, BMD's HRQOL was similarly reported by patients and parents, possibly due to the more mature age and thereby advanced ability to talk about worries and impairments. An advantage of our study is the use of a diseasespecific measurement tool and the assessment of both patients' and parents' perspectives, which gives a more precise picture of HRQOL in dystrophinopathy patients.
Overall, our analysis of the DMD and BMD health care burden identified indirect costs, informal care costs and costs of medical aids and rehabilitation services as the most important cost drivers. In DMD, the socioeconomic burden is manifold higher than in BMD, increasing with disease progression and severity in both DMD and BMD, thus leading to a similar burden of DMD and BMD in the highest clinical severity stages.
Novel curative therapeutic strategies are currently developed which aim at the correction of the genetic defect and thereby restoring muscle protein function to slow down disease progression or to result in a milder clinical phenotype [25] . Pharmaceutical and clinical development of these promising therapies are costly and once approved they may add eminent costs to health care budgets. Nevertheless, our results suggest that stopping DMD and BMD disease progression at an early stage or modifying the severity of DMD into a milder BMD-like phenotype is likely to reduce total disease burden along with considerably lower costs and improvement of patients' quality of life.
Conclusion
In conclusion, early assessments of economic aspects and total disease burden represent the first analytical steps towards a systematic health economic assessment of dystrophinopathies in the light of rising innovative therapeutic approaches. In this context, our study adds to the validity of estimation with its comprehensive approach and its execution within a normal care environment. With emerging therapeutic strategies aiming at dystrophin restoration and improved muscular function, along with a milder clinical phenotype, our results show that it is not only necessary for the patients, but also economically justified to explore new therapies that modify the clinical severity or slow down the progression of the disease. This would lower the total economic disease burden to a high extent and improve patients' HRQOL. Thus, our results may speed up payer negotiations regarding pricing and reimbursement and contribute to the facilitation of an efficient translation of innovations from clinical research over marketing authorization to patient access to a reimbursed therapy.
